Chatterjea D, Hamid E, Leonard JP, Alford S. Phosphorylation-statedependent regulation of NMDA receptor short-term plasticity modifies hippocampal dendritic Ca 2ϩ transients. J Neurophysiol 104: 2203-2213, 2010. First published August 18, 2010 doi:10.1152/jn.01081.2009. Nmethyl-D-aspartate (NMDA) receptor-mediated currents are enhanced by phosphorylation. We have investigated effects of phosphorylationdependent short-term plasticity of NMDA receptor-mediated excitatory postsynaptic currents (EPSCs) on the induction of long-term depression (LTD). We confirmed in whole cell clamped CA1 pyramidal neurons that LTD is induced by pairing stimulus protocols. However, after serine-threonine phosphorylation was modified by postsynaptic introduction of a protein phosphatase-1 (PP1) inhibitor, the same pairing protocol evoked long-term potentiation (LTP). We determined effects of modification of phosphatase activity on evoked NMDA EPSCs during LTD induction protocols. During LTD induction, using a protocol pairing depolarization to -40 mV and 0.5 Hz stimulation, NMDA receptor-mediated EPSCs undergo a short-term enhancement at the start of the protocol. In neurons in which PP1 activity was inhibited, this short-term enhancement was markedly amplified. We then investigated the effect of this enhancement on Ca 2ϩ entry during the start of the LTD induction protocol. Enhancement of NMDA receptor-mediated responses was accompanied by an amplification of induction protocol-evoked Ca 2ϩ transients. Furthermore, this amplification required synaptic activation during the protocol, consistent with an enhancement of Ca 2ϩ entry mediated by NMDA receptor activation. The sign of NMDA receptor-mediated long-term plasticity, whether potentiation or depression depends on the amplitude of the synaptic Ca 2ϩ transient during induction. We conclude that short-term phosphorylation-dependent plasticity of the NMDA receptor-mediated EPSCs contributes significantly to the effect of phosphatase inhibition on the subsequent induction of LTD or LTP.
I N T R O D U C T I O N
The direction and intensity of synaptic plasticity (long-term potentiation, LTP, vs. long-term depression, LTD) is determined by the intensity of the inducing Ca 2ϩ transient (Bear 1995; Cummings et al. 1996; Lisman 1985; Yang et al. 1999) . N-methyl-D-aspartate (NMDA) receptors couple targeted postsynaptic Ca 2ϩ influx (Alford et al. 1993 ) with voltage dependency (Herron et al. 1986; Hestrin et al. 1990) , to initiate this Ca 2ϩ signal. However, although plasticity of NMDA receptormediated synaptic responses modifies induction of further synaptic plasticity (Macdonald et al. 2007) , little is known of the kinetic properties of NMDA receptor responses during initiation of LTD or LTP.
There remains uncertainty over the role of kinases and phosphatases during LTP or LTD induction. Inhibition of any of calmodulin kinase II (CaMKII) or protein kinases A, C, and G (PKA, PKC, and PKG) may prevent LTP in CA1 cells (Hussain and Carpenter 2003) , but these kinases have many targets. At least 79 synaptic phosphoproteins have been identified (Collins et al. 2005) , including NMDA receptors themselves (Jones and Leonard 2005; Kelso et al. 1992; Liao et al. 2001) , which may, in turn, modify NMDA receptor activation of these same kinases (Raveendran et al. 2009 ). Because many forms of plasticity are NMDA receptor-dependent, these effects are particularly important. For example, serine threonine kinases such as PKC, and tyrosine kinases such as Src tyrosine kinase (Src), enhance NMDA currents (Liao et al. 2001; Lu et al. 1998; Macdonald et al. 2007; Yu et al. 1997) . Conversely, LTD of NMDA excitatory postsynaptic currents (EPSCs) requires phosphatases (Morishita et al. 2005) . Kinase and phosphatase activation generally require dendritic Ca 2ϩ fluxes but may subsequently determine future modification of Ca 2ϩ entry itself (Bortolotto et al. 2005; Zhang et al. 2005 ) and the direction and intensity of synaptic plasticity (Abraham and Bear 1996) . Synaptic responses are also subject to myriad short-term influences, many of which alter postsynaptic phosphorylation. Tyrosine kinases such as Src (Kalia et al. 2004; Yu et al. 1997 ) and serine threonine kinases such as PKC may play important roles in the final synaptic response through the previously mentioned local modulation of NMDA currents (Liao et al. 2001) .
Mechanisms underlying NMDA receptor-dependent LTD have been considered straightforward. Activation of protein phosphatase 1 (PP1) or calcineurin may de-phosphorylate AMPA receptors (Morishita et al. 2001 (Morishita et al. , 2005 Mulkey et al. 1994) . Indeed, PP1 may directly target AMPA receptors by acting at a motif that can, in turn, be blocked by inhibitor 1 at excitatory synapses (Morishita et al. 2005) . Spinophilin, which interacts with PP1, is similarly required for LTD induction (Feng et al. 2000) . Because peptides derived from these proteins prevent LTD without altering low-frequency-evoked NMDA receptor-mediated responses, these results are thought to substantiate evidence for the direct Ca 2ϩ -dependent activation of phosphatases leading to dephosphorylation of AMPA receptors and subsequently to LTD (Morishita et al. 2001) . It is notable that when PP1 is used to evoke LTD, depression is only observed following NMDA receptor activation. Ca 2ϩ influx through NMDA receptors is, thus thought to interact with PP1 to induce LTD.
But what of short-term Ca 2ϩ -dependent changes in synaptic function that might impact the induction phase of long-term synaptic plasticity? Neither inhibition of kinases (Malinow et al. 1989 ) nor of phosphatases (Morishita et al. 2001 ) alters synaptic currents during very low-frequency stimulation, but effects of phosphorylation on short-term synaptic plasticity have been neglected. Both PP1 and calcineurin modify NMDA receptor phosphorylation states (Raveendran et al. 2009 ) and NMDA receptor phosphorylation fluctuates depending on stimulation paradigms (Tong et al. 1995) . We have investigated the effect of PP1 inhibition on modulation of NMDA EPSCs during LTD induction. Inhibition of PP1 prevents and even reverses LTD to evoke LTP, and we demonstrate that this inhibition potentiates NMDA currents and consequent dendritic Ca 2ϩ entry during LTD induction. We conclude that short-term plasticity during LTD induction will contribute to the observed effects of inhibition of phosphatases on LTD and may provide a simpler explanation for the apparent specificity of peptide phosphatase inhibitors to LTD than has previously been proposed (Morishita et al. 2001) .
M E T H O D S

Slice preparation
Acute transverse hippocampal slices (300 m) were prepared from 18 to 21 day Sprague-Dawley rats decapitated under deep halothane anesthesia. The hippocampus was placed in cold artificial cerebrospinal fluid (ACSF, in mM; 122 NaCl, 30 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 1 MgSO 4 , 10 D-glucose, and 2 CaCl 2 ) and sectioned with a tissue slicer. Slices were immersed in ACSF at 32-35°C for 30 -45 min then allowed to reach room temperature. For recording, slices were transferred to a recording chamber at room temperature (ϳ21°C). These procedures conformed to institutional guidelines as determined by the University of Illinois at Chicago Animal Care Committee from whom an appropriate protocol has been approved.
Electrophysiology
Whole cell recordings were from CA1 pyramidal cells. Patch pipettes (4 -5 M⍀) were filled with solution containing (in mM): 146 cesium-methane sulfonate, 10 HEPES, 0.1 EGTA, 2 MgCl 2 , 4 Mg-ATP, 2 Na-GTP, and 5 QX-314 (pH 7.3). Cells were held at -60 mV and stimulated at 30 s intervals for low-frequency measurements of EPSC amplitudes. In graphs showing long-term effects, each two sequential responses were pooled for clarity. Isolated NMDA currents were recorded using bath applied 6-cyano-7-nitroquinoxalene-2,3-dione (CNQX, 5 M) and picrotoxin (50 M) or bicuculline methiodide (5 M). LTD was induced with a pairing stimulus of 0.5 Hz coupled with a postsynaptic depolarization to -40 mV for 10 min. LTD induction protocols were applied within 10 min of obtaining whole cell access. Protein phosphatase inhibitor 2 (100 nM) was obtained from Calbiochem, San Diego, CA. Amino acid receptor antagonists were obtained from Tocris Bioscience, Ellisville, MO.
Imaging
For Ca 2ϩ imaging experiments Oregon Green 488 bis-(o-aminophenoxy)-N,N,N=,N=-tetraacetic acid (BAPTA) 1 (50 M) was substituted in the patch pipette for EGTA, otherwise recording conditions were similar to those described for electrophysiology. Slices were imaged under a ϫ40, 0.85 NA 3.2 mm working distance lens (Olympus). Imaging was performed with a customized Biorad 600 confocal microscope. Excitation using laser lines at 488 and 568 nm simultaneously detected through a band-pass emission filter (510 -560 nm) and a long-pass filter (570 nm). Signal was amplified with low noise current to voltage converters (Stanford Instruments) and sampled at 5 MHz, 10 bits through a National Instruments A-D board using custom software (http://alford.bios.uic.edu). With the confocal aperture fully open, this arrangement allowed simultaneous imaging of most of the recorded pyramidal neuron filled with Oregon Green 488 BAPTA 1.
The dendritic tree was filled to acceptable resolution within 5 min of obtaining whole cell access. The first pairing stimulus was always applied within 5 min of initial recording. During the pairing, stimulation image sequences were recorded at 2 Hz.
Statistics
Student's t-test was used to assess significance. For LTP and LTD experiments, the mean of 10 final data points following pairing was compared with the mean of the baseline points to determine significance. Results were shown as significant if the P value was Ͻ0.05. Errors are expressed as SE.
R E S U L T S
Induction of long-term synaptic plasticity
We first confirmed protocols that initiate reliable long-term plasticity. We wished to apply agents to modify phosphorylation solely in the recorded postsynaptic neuron and thus needed to record long-and short-term synaptic modifications while introducing blocking agents through a whole cell pipette. Pairing protocols, in which selective depolarization of the whole cell clamped neuron isolates synaptic modification to just the recorded neuron, are particularly useful for these experiments. The disadvantage of using this protocol is that induction of long-term changes in the efficacy of synaptic transmission mediated by NMDA receptors is subject to rundown (Malinow and Tsien 1990) . Thus the experimental protocol requires that pairing be delivered within ϳ10 min of obtaining whole cell access to prevent loss of an, as yet, unknown component by dialysis through the whole cell pipette.
After obtaining whole cell access to a CA1 pyramidal neuron, the Schaffer collateral commissural pathway (SCCP) was stimulated at 30 s intervals to record control EPSCs. A pairing protocol (whole cell voltage clamp depolarization to Ϫ40 mV; SCCP stimulation, 0.5 Hz at test intensity; 10 min) was then applied, either within 10 min of obtaining whole cell access, or after 20 min. If pairing was applied after 20 min, the response showed little or no change over control amplitudes (the response 30 min after pairing was 102 Ϯ 18% of the amplitude prior to pairing; 5 cells in 5 preparations, not shown).
In contrast, to ensure LTD was induced, control EPSCs were recorded for Յ10 min following whole cell access and prior to application of the same pairing induction protocol. LTD was reliably induced by the application of the same pairing protocol. LTD of the subsequent EPSCs was recorded for 30 min in all cells tested ( Fig. 1A ; depressed to 67 Ϯ 10% of control 30 min post pairing, n ϭ 4 in 4 preparations). This result is very similar to those found by previous studies (Morishita et al. 2001 ) but provides a baseline measurement to ensure that this protocol reliably induces LTD. This pairing evoked LTD is NMDA receptor-dependent. A further four cells were recorded under the same conditions, but the NMDA receptor antagonist D-2-amino-5-phosphonopentanoic acid (D-AP5, 50 M) was applied to the superfusate. The same pairing induction protocol now failed to evoke any change in the EPSC amplitude (Fig.  1B) either immediately or 30 min after the application of the induction protocol (EPSC amplitude immediately after the induction protocol was 92 Ϯ 8% and after 30 min was 91 Ϯ 14% of preinduction amplitude).
Inhibition of phosphatases has been demonstrated previously to prevent induction of LTD (Morishita et al. 2001; Mulkey et al. 1994 ). Therefore we confirmed that inhibition of phosphatases can modify LTD induction under our experimental conditions. We used a selective protein phosphatase 1 peptide inhibitor (inhibitor 2; 100 nM) applied in the whole cell pipette. As for control LTD experiments, in a further five neurons (5 preparations), CA1 pyramidal neurons were held in whole cell voltage clamp, and baseline responses evoked at 30 s intervals at a holding potential of -60 mV. Inhibitor 2 was included in the patch pipette, and we, again, attempted to induce LTD using an identical pairing protocol (whole cell voltage clamp depolarization to Ϫ40 mV; SCCP stimulation, 0.5 Hz at test intensity; 10 min). Under these conditions, all of the recorded cells exhibited a late onset LTP of the AMPA receptor-mediated EPSC following what in control conditions was an LTD-inducing stimulus (Fig. 1C , after 30 min EPSC was enhanced to 183 Ϯ 28% of prestimulus amplitude, n ϭ 5, significantly greater than responses recorded 30 min after control LTD induction, P Ͻ 0.01 and significantly greater than preinduction responses in these experiments, P Ͻ 0.05). Similarly to LTD induced under control conditions, this potentiation was also NMDA receptor-dependent. In 5 cells in which inhibitor 2 (100 nM) was included in the patch pipette, NMDA receptor responses were blocked by addition of D-AP5 (50 M) to the superfusate. The same LTD pairing protocol was once more applied. In these cells, a transient depression was evoked, but the responses returned to preinduction amplitudes after 30 min of recording ( Fig. 1D ; 30 min postinduction the response returned to 98 Ϯ 13% of the preinduction amplitude). We conclude that inhibition of phosphatase activity can reverse NMDA receptor-dependent LTD induction, causing a later sustained NMDA receptor-dependent potentiation of the response.
The success of LTD induction was not only dependent on the pairing protocol, but it was also necessary that the protocol occurred within 10 min of obtaining whole cell access to the recorded neuron. Consequently, only a limited preinduction recording period could be obtained prior to induction of longterm synaptic plasticity. Previous work has demonstrated that phosphatase inhibition in the absence of induction protocols, did not alter the evoked synaptic response (Morishita et al. 2001) . We confirmed this under these recording conditions both for NMDA receptor-mediated and AMPA receptor-mediated synaptic responses. In five neurons, the tissue was superfused with the AMPA receptor antagonist CNQX (5 M) and the GABA A receptor antagonist, bicuculline (5 M), and evoked responses obtained at 30 s intervals in neurons recorded under whole cell conditions with inhibitor 2 (100 nM) included in the whole cell pipette. The resultant NMDA receptormediated EPSCs remained similar in amplitude for 40 min of recording ( Fig. 2A ; after 40 min of recording mean NMDA EPSC amplitude was 96 Ϯ 11% of the initial recorded amplitude, not significantly changed over the course of the experiment). In a further four neurons EPSCs were recorded with inhibitor 2 (100 nM) with no antagonists in the superfusate. Again the resultant evoked AMPA receptor-mediated EPSCs remained constant in amplitude over 40 min of recording ( Fig.  2B ; after 40 min of recording mean AMPA EPSC amplitude was 110 Ϯ 18% of the initial recorded amplitude, not significantly changed over the experiment). It is apparent from these experiments and earlier reports, (Malenka and Bear 2004; Morishita et al. 2001 Morishita et al. , 2005 Mulkey et al. 1993 ) that phosphatase inhibition does not modify responses evoked at low stimulation frequencies, either NMDA or AMPA receptor-mediated. However, serine-threonine phosphorylation can markedly alter NMDA receptor currents (Jones and Leonard 2005; Kelso et al. 1992; Liao et al. 2001 ). Thus we sought to investigate effects of phosphatase inhibition on NMDA receptor-mediated responses during the induction protocol itself.
Short-term phosphorylation-dependent plasticity of the NMDA EPSC
Because phosphatases play a role in LTD induction, it has been proposed that LTD induction requires dephosphorylation of either the AMPA receptor or of elements responsible for receptor insertion into the dendritic spine membrane (Kessels and Malinow 2009 ). However, the effect of phosphatase inhibitors on the robustness of the underlying induction protocol itself has not been examined carefully following phosphatase inhibition. Phosphorylation can substantially alter NMDA receptor currents both by direct (Kelso et al. 1992; Liao et al. 2001 ) and indirect (Lan et al. 2001; Lin et al. 2006 ) effects on the receptor. Thus we hypothesize that phosphatases may also play a metaplastic role in the induction of LTD by altering NMDA receptor responses in the short-term.
Alterations in NMDA receptor function during the induction protocol might alter induction of long-term plasticity. We quantified pharmacologically isolated NMDA receptor-mediated synaptic responses during LTD induction protocols identical to those used to evoke AMPA receptor LTD in control conditions and after intracellular application of the inhibitor 2 peptide. Cells were recorded in whole cell conditions in CNQX (5 M) and picrotoxin (PTX; 50 M) to block AMPA receptor and GABA A receptor-mediated synaptic currents. GABA B receptor-mediated responses were blocked by inclusion of Cs ϩ as the major cationic charge carrier in the pipette, to prevent K ϩ channel activation. This isolated the NMDA receptormediated EPSC. Stable preinduction responses were recorded at 15 s intervals at -60 mV (Fig. 3A) . In control neurons, in which no inhibitor 2 was included in the pipette, an LTD induction protocol was then applied, in which the neurons were stepped to -40 mV and stimulated at 2 s intervals for 300 stimuli. As expected for an NMDA receptor-mediated EPSC, the first response recorded at -40 mV was substantially enhanced (to 2.0 Ϯ 0.2 times preinduction amplitude) due to loss of voltage-dependent Mg 2ϩ block of the NMDA receptormediated synaptic response. However, later responses exhibited a marked short-term potentiation followed by a later depression as the induction protocol proceeded (EPSCs rose to a peak of 3.1 Ϯ 0.2 times the preinduction amplitude after a mean of 15 stimuli following the step to -40 mV, n ϭ 5, 5 preparations, or 1.5 Ϯ 0.2 times the 1st response recorded as the cell was stepped to -40 mV).
A similar protocol was applied to cells recorded with inhibitor 2 (100 nM) in the whole cell solution but that were otherwise treated similarly to control conditions. Similar to control responses, and to earlier reports in which phosphatase inhibitors were applied to CA1 neurons (Morishita et al. 2001 ), 2. Both AMPA and NMDA receptormediated EPSCs remain stable in amplitude in neurons recorded with pipettes containing inhibitor 2. A: mean NMDA receptor-mediated EPSC amplitudes (n ϭ 4) normalized to the amplitude of the 1st minute of recording after whole cell access with pipettes containing inhibitor 2. The superfusate contained 6-cyano-7-nitroquinoxalene-2,3-dione (CNQX, 5 M) and bicuculline (5 M). B: mean AMPA receptor-mediated EPSC amplitudes (n ϭ 5) normalized as in the preceding text recorded with pipettes containing inhibitor 2 (100 nM).
the NMDA receptor-mediated responses recorded after obtaining whole cell access were stable ( Fig. 2A) , indicating that the inhibitor neither enhanced nor depressed the NMDA receptormediated EPSC recorded at -60 mV and stimulated at 15 s intervals. A similar result for a shorter period before the induction protocol is seen in these data (Fig. 3B) . As in the preceding text, an LTD induction protocol was then applied. During the LTD induction protocol the first EPSC recorded at -40 mV was enhanced similarly to those recorded in control neurons (to 2.1 Ϯ 0.4 times the preinduction amplitude; not significantly different from control response, n ϭ 5). This indicates that at this voltage range inclusion of inhibitor 2 did not alter the voltage dependence of the NMDA receptormediated response. However, subsequent EPSCs demonstrated a markedly greater short-term enhancement (to 7.1 Ϯ 2.5 times the preinduction amplitude, n ϭ 5; Fig. 3 , B and C, or 3.3 Ϯ 0.8 times the 1st response recorded as the cell was stepped to -40 mV). This peak enhancement was significantly greater than the control enhancement (P Ͻ 0.05, pooled data Fig. 3C ). Thus modifying phosphatase activity in the synapse allows a substantial modification of NMDA receptor EPSC amplitude during induction, but not at low frequency stimulation at -60 mV when Ca 2ϩ entry through NMDA receptors is minimal.
Access of the inhibitor peptide to the synapse
To induce LTD reliably, it was necessary to apply the induction pairing protocol within 10 min of obtaining whole cell access. It is likely that the peptide did indeed access postsynaptic terminals within this time course because its application significantly altered LTD induction (Fig. 1) as well as short-term plasticity of the NMDA component of the synaptic response (Fig. 3) . However, we next wished to evaluate the efficacy of PP1 inhibition on Ca 2ϩ entry mediated by the pairing protocol to determine whether modifications of NMDA receptor-mediated responses during the induction protocol also alter evoked Ca 2ϩ entry. To do so, it was necessary to confirm comparative diffusion rates of small molecule Ca 2ϩ -sensitive dyes (MW ϳ500) and polypeptide inhibitors (MW ϳ31,000) within the 10 min window used for these protocols.
For inhibitor 2 to be present at the locus of induction of a long-term plastic change at these synapses, it must diffuse from soma to synapse within the previously defined 10 min window of recording prior to pairing. We determined that diffusion from a whole cell pipette was feasible in this time by imaging diffusion of fluorescent dyes of differing molecular weights from the pipette to the dendrites. Two dyes were included in the patch solution Alexa 594 hydrazine (MW 520) and Oregon Green 488 bound to a 3000 MW dextran amine (total molecular weight of ϳ3,500). After whole cell access, the cell was imaged confocally (excitation at 488 and 568 nm). The soma was immediately labeled with both dyes on obtaining whole cell access. Diffusion into the dendrites took longer with a significant delay loading the dextran-conjugated dye. However, within 10 min both dyes were visible in proximal dendritic spines (Fig. 4, A and B) . The mean spine fluorescence of the 3000 MW dextran recorded in the box in Fig. 4A was 20% of the somatic fluorescence (C). Thus dye diffusion rates are substantially altered by molecular weight of the dye complex. To provide an estimate of inhibitor 2 diffusion, we also determined similar diffusion rates for a marker with a larger molecular weight than the inhibitor. The experiments were repeated with a combination of low molecular weight Alexa 594 hydrazine, and albumin (MW 66000) labeled with Alexa fluor 488. In all six cells tested, the low molecular weight dye reached 40 Ϯ 4% of the somatic concentration within 10 min of obtaining whole cell access, the 3,000 MW dextran reached 18 Ϯ 7% (n ϭ 3) and albumin reached 10 Ϯ 3% (Fig. 4C) . These numbers likely underestimate the relative concentration of the dye between spine and soma because the spine depth was similar to the z-plane resolution of the confocal microscope (ϳ0.5 m), a geometry that will reduce the spine fluorescence signal. Thus peptides with molecular weights of ϳ31,000 (e.g., inhibitor 2) will diffuse to the target dendritic spines within the 10 min recording window prior to application of pairing stimuli to evoke LTD. Note that we applied 100 nM inhibitor 2 (Kd of ϳ2 nM) through the patch pipette. This approach, which would provide very little if any inhibitor at times Ͻ5 min whole cell, will nevertheless provide effective concentrations of inhibitor at the dendritic spine after 10 min of whole cell access. Thus introduction of inhibitor 2 may be predicted to begin altering spine biochemistry after ϳ5 min of whole cell recording. The smaller molecular weight dye (Alexa hydrazine) was visible within dendritic spines within 2 min of obtaining whole cell access. Thus by using a low molecular weight Ca 2ϩ sensitive dye that will reach the dendrites earlier in combination with a peptide phosphatase inhibitor (inhibitor 2) it is possible to record the effect of inhibitor 2 on Ca 2ϩ signals as the inhibitor diffuses into distal dendrites and spines.
PP1 inhibitor peptide enhances Ca 2ϩ entry during LTD protocols
The transient dendritic Ca 2ϩ concentration during induction of long-term plasticity is thought to be particularly important for the sign of any evoked long-term change in synaptic response amplitude-whether the outcome is potentiation or depression. High Ca 2ϩ concentrations are believed to evoke LTP, lower concentrations, although to values greater than rest, and sustained for minutes, evoke LTD (Abraham and Bear 1996) . We have demonstrated that inhibiting phosphatase activity causes a short-term enhancement of the NMDA receptormediated responses during protocols that in control conditions cause LTD induction but after inhibitor 2 application instead induce LTP. We therefore sought to determine whether postsynaptic treatment with inhibitor 2 alters Ca 2ϩ entry during LTD induction protocols.
Pyramidal neurons were held under whole cell voltage clamp with pipettes containing a Ca 2ϩ -sensitive dye (Oregon Green 488 BAPTA 1; 50 M) and the phosphatase inhibitor (inhibitor 2, 100 nM). Immediately after obtaining whole cell access, synaptic currents were evoked by stimulating the SCCP. Ca 2ϩ dye fluorescence was visible at the somata of these neurons but was not sufficiently bright to image beyond the primary dendrites. Over the next 5 min the resting Ca 2ϩ dye fluorescence gradually increased similarly to images of low molecular weight dyes (Fig. 4) . Resting Ca 2ϩ fluorescence was then measured over a region extending for 200 m from the soma in the stratum radians, in a single confocal optical section (Fig. 5A ). Fluorescence and whole cell current was simultaneously measured during a stimulus/voltage step protocol. This protocol was designed to mimic the start of the LTD induction protocol used in Fig. 1 during which substantial NMDA receptor-mediated synaptic enhancement was recorded (Fig. 3) . However, for these imaging experiments, the protocol was terminated early so that long-term plastic changes in synaptic currents were not evoked by the protocol itself. The protocol comprised 10 stimuli to the SCCP, 3 prior to the voltage step command to monitor synaptic response amplitude, and 7 during the depolarizing pulse (Fig. 5G) . This stimulusstep protocol caused a substantial rise in Ca 2ϩ -sensitive dye fluorescence throughout the recorded neuron for the duration of the depolarizing step (Fig. 5, A and F, black traces ). An identical stimulus-step protocol was reapplied at 2 min intervals, and the amplitude of the resultant fluorescence transient . Diffusion rates from the whole cell pipette to CA1 pyramidal neuron dendritic spines. A: live CA1 pyramidal cell visualized with Alexa 594 hydrazine (MW 520) introduced into the cell through a patch pipette. Box magnified to reveal dendrites and dendritic spines. B: single optical sections imaging Alexa 594 hydrazine and Oregon Green 488 dextran 3000. Top: dendrite (red) with Alexa 594 10 min following whole cell access. Bottom: same dendrite (green) with Oregon Green 488, (3000 MW dextran) again at 10 min after whole cell access. C: graph showing fluorescence rise of the 2 dyes at spines recorded in B plotted against time after whole cell access. Data are normalized (spine intensity/soma intensity). Red, Alexa 594; green, Oregon Green. Histograms show the relative intensity of Alexa 594 hydrazide (red), Oregon Green dextran (green) and fluorescently labeled albumin (MW 66,000; white) introduced in a further 3 neurons, between the soma and dendritic spines, 10 min after obtaining whole cell access.
was recorded and plotted as (⌬F/F ϩ 1) over time. For the duration of these recordings, the individual synaptic responses (EPSCs) remained unchanged in amplitude (Fig. 5E) .
Fluorescence transients were recorded from the primary dendrites (defined as the dendrite extending directly from the soma prior to branching), as well as from all dendrites secondary to this region (defined as distal dendrites). The amplitude of the Ca 2ϩ transient obtained in primary dendrites demonstrated a reduction in amplitude over time (Fig. 5, Da and Fa) , as did the amplitude of early inward current recorded through the patch pipette (G). This likely reflects a run-down of voltage gated Ca 2ϩ current and is an inevitable feature of whole cell recording under these conditions. In contrast, in these neurons in which inhibitor 2 was included in the whole cell recording pipette, the amplitude of the secondary dendritic fluorescence transient grew larger over time (Fig. 5, Db and Fb) . These data were quantified for all nine neurons examined to show a significant increase in fluorescence in the secondary dendrites during the recording period ( Fig. 5Dc ; n ϭ 9, P Ͻ 0.01). To isolate the source of this increased fluorescence, hotspots were identified by dividing the signal (⌬F/F) derived at 13 min post whole cell access by the signal obtained initially at 5 min (Fig.  5C) . A region identified this way in (Fig. 5C , labeled as ii) was analyzed separately. This region showed a substantial increase G) . B: images obtained as for A in the same neuron but after 13 min of whole cell access. C: after subtracting background data and subthreshold masking of data (see METHODS), stimulus evoked images in B was divided by that in A. This emphasizes that stimulus evoked fluorescence transients were nonuniformly enhanced in the 8 min between recordings in A and B. D: peak amplitude of stimulus evoked fluorescence transients measured in the dendrites for time points from 5 to 13 min after obtaining whole cell access. Da: measurements from the proximal dendritic region i in B. Db: measurements were from the region identified as ii in B and C where a substantial increase in fluorescence was seen and from all dendrites excluding the primary dendrite i in B. Dc: normalized change in amplitude of evoked fluorescence transients over time after whole cell access in all cells in which inhibitor 2 was included in the whole cell pipette. E: amplitude of the stimulus evoked synaptic responses recorded immediately before the step protocol from 3 to 15 min after obtaining whole cell access. Ea: traces obtained from cell in A-D from 3 and 15 min post whole cell. Eb: peak amplitudes of EPSCs recorded throughout this period. F: traces showing fluorescence transients comparing responses from stimuli 5 min post whole cell access (black) to 13 min after obtaining access (red). Fa: from proximal dendrites i in B. Fb: all distal dendrites. Fc: distal dendrites labeled ii in B. The response was markedly enhanced over time in the distal dendrites and depress in the proximal dendrites. G: current traces recorded at 5 min (black) and 13 min (red) after obtaining whole cell access. These were recorded simultaneously to the fluorescence transients shown in F with the same time base.
in Ca 2ϩ transient amplitude over time (Fig. 5, Db and Fc) . Thus under conditions in which an LTD inducing protocol would have caused a late onset LTP, when PP1 is present in the patch pipette, the amplitude of the induction protocol-induced dendritic Ca 2ϩ transient is substantially and significantly enhanced from its initial condition before inhibitor 2 had sufficient time to diffuse throughout the neuron. We therefore sought to determine the effect of control recording on Ca 2ϩ transient amplitudes over the same time course.
We used the same experimental protocol except the phosphatase inhibitor was omitted from the whole cell patch solution. At 5 min post whole cell access, a step-stimulus protocol was applied to the recorded pyramidal neuron and the Ca 2ϩ transient recorded (Fig. 6A ). Proximal and distal dentritic Ca 2ϩ transients were recorded as before (Fig. 6C) . These responses were also recorded at 2 min intervals. The responses in both proximal and distal dendrites both declined in amplitude from 5 to 13 min post whole cell access (Fig. 6, B and C) . Similar experiments were performed in seven recorded neurons. The evoked Ca 2ϩ transients demonstrated a significant reduction in amplitude in both proximal and distal dendrites ( Fig. 6Cb ; P Ͻ 0.05). Thus introduction of the phosphatase inhibitor into the whole cell pipette caused a significant increase in the amplitude of the Ca 2ϩ transient recorded in the distal dendritic tree in response to a stimulus-step protocol that mimics the start of an LTD induction protocol. This represents a similar condition in which inhibitor 2 also causes a substantial short-term enhancement of the NMDA component of the synaptic response.
We therefore determined whether stimulation of the SCCP was necessary to record this Ca 2ϩ transient enhancement when inhibitor 2 was included in the patch pipette. Neurons were recorded under whole cell conditions as before and with inhibitor 2 (100 nM) in the whole cell pipette. After 5 min of maintained whole cell access, a step protocol was applied to the neuron but with no accompanying stimulation of the SCCP. This protocol caused a rise in fluorescence throughout the neuron (Fig. 7A ). This step protocol was applied at 2 min intervals as per the step-stimulus protocols already described. Ca 2ϩ transients were recorded and again calculated as (⌬F/F ϩ 1) from the proximal and distal dendrites until 21 min post whole cell access (Fig. 7, B and C) . Under these conditions, with no stimulus applied to the SCCP, the amplitude of the step-evoked Ca 2ϩ transient declined slightly during the course of the recording. Taking these data in combination with those from Figs. 3-6 , we may conclude that inclusion of inhibitor 2 in the patch pipette significantly enhanced the amplitude of the Ca 2ϩ transient mediated by synaptic input to the neurons during the early stages of an LTD induction protocol.
It is possible that the inhibitor 2 peptide mediated enhancement in dendritic Ca 2ϩ transients is caused by AMPA receptor components of the synaptic response transiently depolarizing the dendritic field because the space clamp properties of CA1 pyramidal neurons are far from ideal. To address this possibility, further control experiments were performed in which inhibitor 2 peptide (100 nM) was included in the patch pipette solution but NMDA receptor-mediated responses were blocked by D-AP5 (50 M). The neurons were recorded from as before, and distal dendritic Ca 2ϩ transients were obtained in response to step depolarization and 10 stimuli applied to the SCCP to evoke only non-NMDA receptor-mediated responses. The amplitude of the Ca 2ϩ transient was recorded between 5 and 13 min of obtaining whole cell access (Fig. 7E) . Over this period, the Ca 2ϩ transient showed no significant change in amplitude (mean normalized transient amplitude after 13 min was 101 Ϯ 23% of the response amplitude after 5 min of recording.
To induce LTD (Fig. 1) , the induction protocol was applied within 10 min of obtaining whole cell access. At this time point, without manipulation of postsynaptic phosphatase activity, the Ca 2ϩ signal in the distal dendrites during the stepstimulus protocol was slightly smaller than the earliest possible recorded control response. In contrast in responses recorded when inhibitor 2 was included in the recording pipette and in which NMDA receptor-mediated responses were evoked, the Ca 2ϩ response was significantly increased compared with the earliest recorded response (P Ͻ 0.05) or compared with conditions in which only a voltage step was delivered or in which NMDA receptors were blocked with D-AP5. It is likely that this phosphatase modification of synaptically driven Ca 2ϩ entry will have very profound effects on subsequent long-term synaptic plasticity.
D I S C U S S I O N
Activity of kinases and phosphatases within dendritic spines modifies synaptic transmission. To a great extent, these processes drive the early stages of LTP and LTD and represent critical elements of synaptic plasticity of learning and memory. However, even if selective manipulation of specific phosphorylation events were feasible within only dendritic spines of recorded neurons, the outcome of this manipulation may have broad implications for both different stages of the maintenance of LTP or LTD and for the induction of these plastic changes.
There exists widespread consensus that NMDA receptormediated long-term plasticity is mediated by phosphorylation or dephosphorylation events within postsynaptic spines and dendrites (Malenka and Bear 2004; Soderling and Derkach 2000) . The identity of the kinases and phosphatases involved remain less clearly defined, but evidence has implicated numerous serine-threonine kinases in LTP induction including Ca 2ϩ -calmodulin-dependent protein kinase II (CaMKII), protein kinase C (PKC) (Malinow et al. 1989) , cAMP-dependent protein kinase (PKA) (Frey et al. 1993; Matthies and Reymann 1993) as well as cGMP-dependent protein kinase (PKG) (Zhuo et al. 1994) , casein kinase II (CKII), mitogen activated protein kinase (MAPK), and various tyrosine kinases including SRC kinase and fyn (Kalia et al. 2004; Lu et al. 1998) . Similarly, various phosphatases have been implicated in the induction of LTD: in particular, protein phosphatase 1 (PP1) and protein phosphatases 2A and 2B (PP2A and PP2B or calcineurin) (Morishita and Malenka 2008; Morishita et al. 2001) . It is notable that PP1 and PP2A act directly to dephosphorylate the NMDA receptor subunit NR2B at serine 1303 (Raveendran et al. 2009 ), a site the phosphorylation of which causes a marked potentiaition of NMDA currents (Kelso et al. 1992; Liao et al. 2001) . Thus there exists a direct mechanism by which inhibition of phosphatase activity might modify NMDA receptor function. It is also widely accepted that phosphorylation or dephosphorylation events within the dendrites lead to the modification of postsynaptic AMPA receptor function, most likely by receptor insertion or removal from the postsynaptic active zone (Chung et al. 2003; Lin et al. 2009; Man et al. 2000) .
LTP or LTD induction is believed to be mediated by processes that depend on stimulus strength whereby intense stimulation leading to high dendritic transient Ca 2ϩ signals may lead to LTP, whereas lower concentration Ca 2ϩ transients initiate LTD (Abraham and Bear 1996; Bear 1995; Lisman 1985) ; the outcome being determined by the relative affinities to Ca 2ϩ of the kinases or phosphatases involved. This process may lead to a sliding threshold for the sign of long-term plasticity that is invoked, and it is particularly important to note that the strength of the NMDA receptor-mediated synaptic response is also subject to long-term changes evoked by similar stimuli to those that evoke LTP of AMPA receptor-mediated synaptic responses (Bashir et al. 1991) . These phenomena include activation of similar kinases and phosphatases located in the postsynaptic dendrites (MacDonald et al. 2006 ). Thus LTP is subject to a metaplasticity (Abraham and Bear 1996; Bear 1995) , which may force similar induction protocols to generate very different long-term effects on synaptic strength.
We have now addressed short-term implications for postsynaptic phosphatase activity and its implication for alterations in NMDA receptor activity and intensity of the Ca 2ϩ signal during the induction protocol itself. During the induction of NMDA-dependent LTD or LTP, the amplitude of the Ca 2ϩ signal that is derived from NMDA receptor activation is believed to be critical to the sign of the ensuing long-term change in synaptic response carried by AMPA receptors (Abraham and Bear 1996) . Consequently, events or signal transduction processes that modify NMDA receptor responses will have profound effects on the induction of long-term synaptic plasticity-not just on its amplitude but also on its sign. Processes leading to enhanced Ca 2ϩ entry during the induction protocol will favor potentiation, those that lead to a reduced Ca 2ϩ entry will favor depression or depotentiation.
In this study, we confirm that pairing protocols can reliably evoke LTD but that phosphatase inhibition, within the recorded neuron, can reverse this phenomenon to induce a late onset LTP. We chose one phosphatase inhibitor (protein phosphatase inhibitor 2-which specifically inhibits the catalytic subunit of type 1 protein phosphatases) based on earlier work showing a role for its target and for serine-threonine dephosphorylation in LTD induction (Morishita et al. 2001 ). However, we do not have any expectation that this result will be specific to this class of phosphatase. The result seen here is more extreme than previous studies, which indicate a loss of LTD following PP1 inhibition (Morishita et al. 2001) ; however, as our data also indicate, this difference may simply reflect a balance of NMDA receptor-dependent Ca 2ϩ entry during the induction protocol, which is more dependent on the precise properties of the induction protocol, than a specific underlying principle of signal transduction. Indeed, the protocols used to induce LTD differ between our study and that of (Morishita et al. 2001) . In particular, the pairing protocol that we have used allowed us to choose stimulation rates at a sufficiently low frequency to allow ready detection and measurement of NMDA EPSCs.
Previously it has been argued that a loss of LTD following postsynaptic inhibition of phosphatases indicates a requirement for phosphatase activity in the postsynaptic terminal to modify receptor function-either removal from the postsynaptic density or modification of total conductance. There is very strong evidence for this conclusion (reviewed in (Kessels and Malinow 2009) . Nevertheless the most notable observed effect of PP1 inhibition during the LTD induction protocol itself was to increase the amplitude of NMDA receptor-mediated EPSCs. Under control conditions, NMDA receptor-mediated EPSCs demonstrated a short-term enhancement at the start of the LTD induction protocol immediately following the activation of the pairing step used to depolarize the recorded neuron. Inhibition of PP1 altered this short-term plasticity, such that over the first eight stimuli of the LTD induction protocol, the NMDA component rose to Ն700% of the initial response at the start of the step.
The enhancement of the NMDA receptor-mediated component of the synaptic response following phosphatase inhibition was accompanied by a substantial increase in the amplitude of the postsynaptic Ca 2ϩ transient recorded during the early phases of LTD inducing protocols. Furthermore, while pairing protocols used to evoke LTD cause Ca 2ϩ entry by nonsynaptic activation of voltage operated Ca 2ϩ channels, as well as by synaptic activation, this enhancement was only observed if synaptic stimulation was evoked during the pairing protocol. Thus while it has previously been concluded that specific actions of peptide phosphatase inhibitors follows from activity dependent recruitment of the phosphatase during induction protocols (Morishita et al. 2001) , we may alternatively conclude that phosphatase activity during the LTD induction protocol serves to modify short-term plasticity of the NMDA receptormediated response. This drives a substantial alteration in protocolevoked Ca 2ϩ entry, which in turn can shape the outcome of induction events, even changing the result from LTD to LTP.
It is reasonable to conclude that the outcome of any induction protocol, be it aimed at inducing LTP or LTD, will be sensitive to both the robustness of the protocol and the state of the synapse to which it is applied. Changes in the phosphorylation state of NMDA receptors or other postsynaptic elements may alter the outcome of induction of long-term plasticity prior to any effect on, for example, AMPA receptor incorporation into the postsynaptic density. Our results confirm that phosphatase inhibition indeed leads to an occlusion of this depression but also demonstrate that a shift in the sign of plasticity of the synapse can occur. Furthermore much of this outcome may be attributed to short-term changes in Ca 2ϩ entry during the induction protocol rather than specific effects of inhibition of phosphatases on AMPA receptors during the maintenance phase of LTD as has previously been proposed.
This very profound short-term modification of NMDA receptor-mediated synaptic responses through activation of a phosphatase during LTD induction means that separating the role of phosphatases, kinases, and downstream targets (Peineau et al. 2007 ) between induction and maintenance phases of LTP is not at all straightforward. These results may also help to explain why LTD, LTP, and depotentiation are apparently coupled (Delgado and O'Dell 2005) . Each induction protocol may alter the sign of potentiation or depression of later protocols, depending on the long-and short-term effects on Ca 2ϩ entry that are driven by NMDA receptor activation. Short-term plasticity during LTD induction may explain observed effects of inhibition of phosphatases on LTD. This may represent a very straightforward explanation for the apparent specificity of peptide phosphatase inhibitors to LTD (Morishita et al. 2001 ).
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